Objectives: We sought to assess the effect of congenital heart disease requiring infant surgery with cardiopulmonary bypass on neurodevelopmental outcomes and growth at 4 years of age, while matching for gestational age, socioeconomic status, maternal gestational conditions, home environment, and parental intelligence by studying multiple-gestation births.
See Editorial Commentary page 282.
Neurodevelopmental (ND) deficits are common and significantly disabling complications of congenital heart disease (CHD) and its treatment. 1, 2 Previous studies have identified an increased incidence of mild cognitive impairment, impaired social interactions, deficits in fine motor skills and executive function, inattention, and impulsivity compared with the general population. In studies of ND outcomes, it is difficult to control for potential confounders, such as gestational age, maternal conditions during pregnancy, home environment, socioeconomic status (SES), and parental intelligence, all of which are likely to highly influence ND outcome. [3] [4] [5] [6] [7] [8] Multiple-gestation births, in which one child has CHD, provide a unique opportunity to match for these factors.
We have previously shown in such a cohort that at 1 year of age, the children with CHD had lower scores on the Bayley Scales of Infant Development than their siblings. 9 However, ND measures assessed at 1 year of age may not predict long-term outcomes. 10, 11 Therefore, the cohort was reevaluated at 4 years of age.
PATIENTS AND METHODS Patient Population
Between September 1998 and April 2003, 550 infants with CHD undergoing surgery with cardiopulmonary bypass (CPB) at 188 days (6 months) of age were enrolled in a single-institution study of the association between apolipoprotein E (APOE) genotype and postoperative neurodevelopmental dysfunction. 12 Exclusion criteria included (1) multiple congenital anomalies, (2) recognizable genetic or phenotypic syndrome other than chromosome 22q11 microdeletion, and (3) language other than English spoken in the home.
Among this cohort, children who were the product of a multiple gestation were identified; this group formed the study population that was the focus of this report. Sibling(s) of the same gestation were recruited to participate in the follow-up evaluation with the intent to perform a matched pairs evaluation. Children with identified genetic abnormalities (including microdeletion of chromosome 22q11) or marked dysmorphisms as determined by a geneticist (see the section ''Four-Year Follow-up Evaluation'' later in this article for details) were excluded from this study. In addition, children were excluded from the study if the sibling was not available for evaluation or if the sibling also had CHD. Gestational age was recorded in completed weeks by best obstetric estimate.
As a measure of complexity of CHD, patients were categorized according to a previously described classification that has been shown to be predictive of postoperative mortality. 13 Class I includes patients whose repair achieves a biventricular circulation and in whom there is no preoperative arch obstruction; class II, biventricular circulation with arch obstruction; class III, single-ventricle circulation without arch obstruction; and class IV, single-ventricle circulation with arch obstruction. In general, patients with class I or II CHD achieve normal physiology after a single operation, whereas those in class III or IV require multiple palliative operations and may experience ongoing cyanosis and/or congestive heart failure.
The institutional review board at the Children's Hospital of Philadelphia approved the study. Written informed consent was obtained from the parent or guardian.
Intraoperative Management
Operations were performed by 1 of 3 cardiac surgeons with a dedicated team of cardiac anesthesiologists. Alpha-stat blood gas management was used. Deep hypothermic circulatory arrest (DHCA) was used at the surgeon's discretion. Before DHCA, patients were cooled to a nasopharyngeal temperature of 18 C by using a combination of core cooling on CPB and topical hypothermia. Modified ultrafiltration was performed in all patients.
Four-Year Follow-up Evaluation
A study follow-up visit was conducted between the fourth and fifth birthdays. Siblings were assessed on the same day. Growth parameters (weight, height, and head circumference) were measured. A comprehensive ND assessment was performed. This included investigator-administrated instruments to assess cognition (Wechsler Preschool and Primary Scale of Intelligence, Full-Scale IQ [FSIQ]), 14 language (Preschool Language Scale-IV), 15 executive function (A Developmental NEuroPSYchological Assessment [NEPSY] executive function subdomain), 16 visual motor integration (Developmental Test of Visual Motor Integration), 17 fine motor skills (Wide Range Assessment of Visual Motor Abilities pegboard), 18 and academic skills (Woodcock-Johnson III reading and math clusters). 19 All of these instruments are designed to have a mean score of 100 in the normal population with a standard deviation of 15. Throughout the project, study personnel were trained to use standardized assessment practices. Each protocol was reviewed for accuracy, with attention to all subsets, including those requiring interpretation of verbal responses. Interrater reliability and administration standards for every test were established and maintained. The assessors were not fully masked to the child's CHD status; however, no information was directly provided to the assessor about the child's history. Language testing was conducted by 1 of 2 speech language pathologists experienced in test administration and scoring. Audiologic evaluations were conducted using standard pediatric assessment methods based on developmental ability. For the fine motor assessment, hand dominance was established first, and testing was then performed only for the dominant hand. Parents completed questionnaires to report social competence, 20 hyperactivity/impulsivity and attention, 21 
Statistical Analysis
Data analysis occurred in 2 phases, a descriptive phase and a comparative phase. In the descriptive phase of the study, measures of central tendency, variability, and association were computed for all study-related variables with an emphasis on ND outcomes. Parametric measures were used for variables that appeared normally distributed on inspection; otherwise, nonparametric measures were selected. In the comparative phase, 2 sets of analyses were conducted. First, children with CHD born as a part of a multiple-gestation pregnancy were compared with singleton children with CHD in the larger APOE study cohort who completed the 4-year evaluation. The purpose of this analysis was to shed light on subsequent generalizability of our findings in the multiple-gestation cohort. Comparisons were conducted for demographic, perinatal, and surgical outcomes using the Fisher exact, 1-sample sign-rank, and 1-sample t tests, depending on the nature of the data. Second, children with CHD born as a part of a multiple-gestation birth were compared with their nonaffected, samegestation siblings by using traditional growth parameters (head circumference, weight, and length expressed as z scores) and 10 different neuropsychological measures by using Wilcoxon sign-rank tests. The sign-rank test, a nonparametric test for evaluating matched pairs, was deemed appropriate given the dependent nature of the samples (multiplegestation births) and the small, non-normative nature of the distributions. Handedness was compared by using the McNemar test. For triplet families, both siblings were evaluated and one was then chosen randomly to serve as the comparator in the analyses. The criterion for statistical significance was held constant at the nominal a ¼ 0.05 level across all comparisons. All data were analyzed using STATA v12.1 (Stata Corp, College Station, TX). As a means of further characterizing the outcomes with statistically significant differences between children with CHD and their siblings, we plotted the child-level data for each family, ordered by gestational age.
RESULTS

Description of the Study Population
Among 550 children enrolled in the larger cohort, 30 children (29 families) were the product of a multiple gestation. In 10 families, 1 or more children died before 1 year of age (in 8, the child with CHD died; in 1, the sibling without CHD died; in 1, both members of a twin pair died). No children died between 1 and 4 years of age. Three families were excluded due to microdeletion of chromosome 22q11 or diagnosis of another genetic abnormality in the child with CHD. One family was excluded due to presence of CHD in both members of the twin pair. In 14 of 15 remaining families (93%, 12 twin sets, 2 triplet sets), both the child with CHD and their sibling(s) were evaluated. Compared with our previous evaluation of this cohort at 1 year of age, which included 11 multiple-gestation families, 4 additional families were evaluated and 1 family was lost to follow-up. There were no significant differences between the included and not included multiple-gestation children with respect to gender, race/ethnicity, gestational age, mode of delivery, birth weight, complexity of CHD or age at initial operation (data not shown).
The characteristics of the cohort of multiple-gestation children with CHD (n ¼ 14) described in this report are summarized in Table 1 . In general, this was a predominantly white, preterm population delivered by cesarean with a mean gestational age of 35.4 AE 2.6 weeks and a mean birthweight of 2.4 AE 0.65 kg. Children with CHD were predominantly male (10/14) , and their nonaffected siblings were predominantly female (9/14), although the difference was not statistically significant (P ¼ .13 by Fisher exact test). All mothers had completed at least high school; 43% had college or graduate degrees. The children with CHD were relatively evenly split between 2-ventricle heart disease (8/14) and single-ventricle heart disease (6/14). Accordingly, 8 of 14 underwent a single operation with CPB, and 6 of 14 had multiple operations. One twin pair was affected by twin-twin transfusion syndrome in utero. The ND evaluation was performed between March 2005 and September 2007 at an average age of 4.8 AE 0.1 years.
Comparison Between Multiple-Gestation Children With CHD and Singletons
When compared with the singleton cohort, the multiplegestation cohort evidenced significantly lower gestational age and birth weight as well as significantly higher percentages of infants delivered by cesarean (all P's<.01). Demographic and surgical variables were not significantly different between the 2 groups (see Table 1 ).
Comparison Between Multiple-Gestation Children With CHD and Nonaffected Siblings
Growth parameters at birth were available for both members of a multiple gestation in 10 families for weight, 9 families for length, and 8 families for head circumference. No significant differences were observed between children with CHD and their nonaffected siblings (P ¼ .88 for weight, P ¼ .37 for length, and P ¼ .53 for head circumference, data not shown).
Summary results of the 4-year ND outcome measures comparing children with CHD with their nonaffected siblings are shown in Table 2 . Among the growth parameters, only weight z score was observed to be significantly lower among children with CHD than their nonaffected siblings (P ¼ .02). When ND outcomes were examined, cognition score (P ¼ .02) and fine motor score (P<.01) were significantly lower among children with CHD. The analysis was repeated for these 2 outcome measures, excluding 2 families in which the child with CHD performed extremely poorly (cognition and fine motor score both <50) to determine whether these outliers were driving the conclusions. Children with CHD still scored more poorly on these measures; the resulting values were P ¼ .055 for cognition and P < .01 for fine motor score, indicating the differences observed were not solely attributable to outliers. All remaining variables were not significantly different between the 2 groups, although visual motor integration (P ¼ .06), and social competence (P ¼ .06), 2 factors known to affect school performance and social interactions, approached the threshold of statistical significance. Handedness did not differ significantly between the 2 groups (P ¼ .63, data not shown).
With respect to other medical conditions that could influence performance on the ND evaluation, the 2 groups Values are n (%) unless otherwise indicated. Numbers in brackets indicate the number of the total singleton gestation cohort for which data was available. Bold indicates statistically significant findings. CHD, Congenital heart disease; SES, socioeconomic status; EGA, estimated gestational age; CPB, cardiopulmonary bypass; DHCA, deep hypothermic circulatory arrest. *Fisher exact test. yOne-sample t test. zOne-sample nonparametric sign test.
although 1 child with CHD and his sibling were both reported to use medications for reactive airway disease. This sibling pair was born at 31 weeks' gestation and both were reported to have had respiratory syncytial virus infection in the first year of life. One sibling was reported to have undergone major noncardiac surgery, specifically a malrotation repair. Figures 1-3 present child-level data for the outcome measures for which statistically different results were observed between children with CHD and their siblings. Note that most values fell within the respective normal ranges (AE2 standard deviations). For weight for age z score, data were available for 13 families. Ten of 13 children with CHD weighed less than their sibling, although all but 1 child with CHD achieved a normal weight (AE2 z scores). For FSIQ, complete data were available for 13 families. In 9 of 13 families, the child with CHD performed worse than the sibling. The most notable discrepancies occurred in significantly preterm children (families 2 and 4, 31 and 34 weeks' gestation, respectively). All 14 families had scores available for fine motor skills. The pattern observed for FSIQ was more pronounced in the area of fine motor skills; in 12 families, the child with CHD performed worse than the sibling, and overall, the discrepancies appear greater. The worst performances and greatest discrepancies within families occurred in the preterm families, specifically families 2 and 4. Notably, the siblings without CHD generally performed well, even though 8 of 14 families were preterm, and none achieved greater than 38 weeks' gestational age.
DISCUSSION
This study demonstrates that among a cohort of multiplegestation births, the presence of CHD requiring surgery with CPB in the first 6 months of life is associated with persistent deficits in weight gain, cognition, and fine motor skills at 4 years of age. The observed deficits in cognition and fine motor skills are consistent with previous studies, 1 but were obtained from a unique patient population, namely multiple-gestation births in which 1 child has CHD. The design of this study allowed us to control for gestational age, maternal conditions during pregnancy, home environment, SES, and parental intelligence in a manner not possible in other studies. These potential confounders are important determinants of cognitive outcomes and have effects much greater in magnitude than many surgical, anesthetic, and hospital-related variables studied. For example, social class, which may affect access to care and educational achievement via multiple mechanisms, explained 23 .7% of the variance in FSIQ scores at 8 years of age in the Boston Circulatory Arrest Trial, whereas assignment to intraoperative support strategy explained only 0.3%. 3 A metaanalysis of twin studies has demonstrated that the heritability of IQ is approximately 50%, whereas in utero environment (20%) and shared postnatal environmental factors (17%) also contribute importantly to explaining variance in IQ. 4, 5 Mean cognitive scores of children born prematurely decline in a linear fashion with decreasing birth weight. 23 Having controlled for these confounders, children with CHD had deficits in developmental achievement at 4 years of age when compared with their same-gestation siblings.
The ND deficits observed in children with CHD are likely multifactorial in etiology. In utero brain development, genetic factors (which may or may not be associated with clinical dysmorphisms), pre-and postoperative care strategies, the timing of cardiac surgery, intraoperative management strategies, and maternal mental health have all been implicated with respect to their effects on ND. 1, 2, 24 This study does not attempt to assign causality to any one of these multiple potential factors. Rather, this study confirms the association between CHD of sufficient severity to require infant surgery and adverse ND outcomes, while controlling for some important gestational and home environmental factors.
In contrast to many cohorts of children with CHD whose ND outcomes have been reported, the patient population studied here is more significantly affected by an additional factor: prematurity. Of note, 8 of 14 families included in the study were preterm and no family achieved a gestational age of greater than 38 completed weeks. Studies of neonates with critical CHD confirm increased morbidity and mortality in infants born before 39 weeks' gestation. 25, 26 An analysis of the larger cohort from which this study is drawn demonstrated worse ND outcomes at 4 years in children with CHD born before 39 weeks' gestation. 27 Our child-level data indicate that the worst scores and greatest discrepancies between siblings on ND scales were observed in the families with lowest gestational age.
This cohort differs from the general population of infants undergoing surgery for CHD, and thus the generalizability of these findings to singleton, term infants must be considered. Aside from the issue of prematurity alluded to previously, multiple gestation could be postulated to have an independent effect on ND outcome. Review of the current literature 28, 29 indicates that twin gestations are known to have a higher risk of cerebral palsy than singleton infants, when birth weight and gestational age are taken into account. Cognitive deficits independent of birth weight and gestation in twins have not been definitively shown; if present, the magnitude is likely small. Overall, however, our ND findings are consistent with patterns observed when cohorts of predominantly singleton, term infants with CHD are compared with population norms. Thus, we believe that the results from this cohort further the understanding of ND deficits in the larger population of children with CHD.
The data on somatic growth indicate evidence of decreased weight gain among the children with CHD. Median-weight z score was significantly lower among children with CHD than their nonaffected siblings (P ¼ .02). This finding is not surprising, given that many of the children with CHD underwent multiple operations, were palliated, or potentially had residual hemodynamic lesions. Notably, we found no difference in head circumference, despite the overall concern about ND in children with CHD and the known elevated incidence of microcephaly at birth in several forms of complex CHD. 30, 31 One limitation of this study is our sample size, which was constrained by the number of available multiple-gestation children in a large cohort. Although the sample size is admittedly small, we were sufficiently powered to detect differences between siblings in weight for age z score, FSIQ, and fine motor skills. It is possible that we did not have sufficient power to detect differences in scores in FIGURE 1. Child-level data for weight for age z score at 4 years, grouped by family and ordered by gestational age. Cardiac diagnosis for the child with congenital heart disease is noted. Z score ¼ 0 is defined as the mean in the general population. The normal range falls between dotted lines at AE2 z scores. TGA, D-transposition of the great arteries; TOF, tetralogy of Fallot; HLHS, hypoplastic left heart syndrome; AS, aortic stenosis; TAPVC, total anomalous pulmonary venous connection; VSD/CoA; ventricular septal defect/coarctation of the aorta. some domains examined. Given the small sample size, this cohort does not provide a precise point estimate of average performance for a CHD cohort on the instruments used. The strength of this study design lies in its ability to make paired comparisons that account for some common confounders of ND outcomes. In addition to the small sample size, we elected not to adjust for correlated endpoints, due in part to the relatively small number of measures used, the potential to overlook modest but emerging trends in the data, and the role of this study. In this study, we seek to add another dimension to the body of literature on ND in children with CHD by using a novel design.
Second, although this design achieves the best possible matching of maternal conditions during pregnancy and home environment between the groups with and without CHD, environmental differences may still remain. Parents may have treated their child with CHD differently from the nonaffected sibling. Placental sufficiency may have differed for 2 fetuses carried in a single pregnancy.
Third, the issue of bias in the outcome evaluations is considered. The investigators performing the ND evaluation were not blinded to CHD status. However, as detailed in the Methods section, administration and scoring of the tasks comprising the ND evaluation are highly standardized.
Finally, as alluded to previously, this study highlights an association between CHD requiring infant surgery with CPB and ND deficits, while controlling for some important gestational and home environmental factors. It does not attempt to determine more specific causal factors leading to the observed deficits, and the list of such possible factors remains long. As one example, there may be residual confounding by undetected genetic factors that lead to both CHD and ND deficits. In this study, a clinical evaluation by a genetic dysmorphologist determined the need for further genetic testing. Genetic variants that did not cause clinical dysmorphisms or CHD characteristic of a particular known genetic condition could remain undetected.
CONCLUSIONS
Within multiple-gestation births, children with CHD requiring surgery with CPB in the first 6 months of life weighed less and had worse performance than their siblings on measures of cognition and fine motor skills at 4 years of age. By using multiple-gestation births, we controlled for FIGURE 2. Child-level data for full-scale IQ (FSIQ) at 4 years, grouped by family and ordered by gestational age. Cardiac diagnosis for the child with congenital heart disease is noted. FSIQ ¼ 100 represents the mean in the general population. The normal range falls between dotted lines at AE 2 standard deviations. TAPVC, Total anomalous pulmonary venous connection; TGA, D-transposition of the great arteries; TOF, tetralogy of Fallot; HLHS, hypoplastic left heart syndrome; VSD/CoA, ventricular septal defect/coarctation of the aorta; AS, aortic stenosis.
gestational age, maternal conditions during pregnancy, home environment, SES, and parental intelligence. These findings suggest that CHD, its treatment, and other confounding factors, such as genetic variants, have adverse effects on ND outcomes and weight gain. Our findings are consistent with other studies that have shown ND deficits among children with CHD compared with general population norms. These results underscore the need for strategies to promote optimal ND outcomes among children with CHD requiring surgery in infancy.
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APPENDIX E1
Note: Portions of the text that follow have been previously published in studies reporting other outcomes from the APOE cohort.
E1,E2
Cognition
The Wechsler Preschool and Primary Scale of Intelligence, Third Edition, is a standardized test of intelligence for children 3.5 to 7.0 years of age.
14 It is commonly used in both clinical settings and research settings; it takes approximately 45 minutes to administer and yields 3 summary scores and 12 subtest scores. Scores include FSIQ, verbal IQ, and performance IQ, with means of 100 and standard deviations of 15. Only the FSIQ was used in the present study. The test covers a wide range of cognitive tasks. There is a large body of data explaining the meaning of test findings. The Wechsler Preschool and Primary Scale of Intelligence, Revised, proved to have moderate to strong reliability (coefficient for FSIQ was 0.92) and validity (correlation with other cognitive tests in the positive and significant range of 0.74-0.90) in a variety of studies.
Language
The Preschool Language Scale-IV is a general test of early language skills. 15 It provides a measure of language comprehension and expressive communication. Standard scores are derived on the basis of age and performance. The Total Language Scale (mean: 100; SD: 15) used in this study is derived on the basis of performance on the receptive and expressive sections.
Executive Function
The NEPSY is a developmental neuropsychological assessment tool that was initially published in 1998 and then revised in 2007. 16 It is a direct child measure that assesses key domains of neuropsychological functioning including attention/executive functioning, language, sensorimotor, visuospatial, and memory. This study used the Attention and Executive Function subdomains of the second edition of the NEPSY and used the visual attention and the statue subtests. The executive function subdomain yields a core domain score with a mean of 100 and standard deviation of 15. The NEPSY is a norm-referenced and standardized assessment tool that has strong validity and high reliability (0.71) that was established through multiple studies.
Visual Motor Integration
Visual motor integration was assessed with the Developmental Test of Visual Motor Integration (VMI), a simple copying task that assesses the child's fine motor and visual motor coordination skills. 17 It takes 10 minutes to complete and yields standard scores with a mean of 100 and standard deviation of 15. Handedness is also noted on the VMI. The interrater reliability had a median of 0.93. Generally, researchers have found the VMI to be a valuable predictor when used in combination with other measures. The positive correlation with other tests of visual skills and motor skills was documented in the manual as ranging from 0.72 to 0.76.
Fine Motor Skills
Fine motor skills were tested using the Wide Range Assessment of Visual Motor Abilities pegboard, a manipulative dexterity test. 18 The child inserts as many pegs as possible within 90 seconds using a nearly square pegboard. The pegboard is ''waffled'' to add to its fine motor demands, as well as to increase its esthetic appeal. The test is typically completed first with the dominant hand and then with the nondominant hand. For the current study, only results from the dominant hand were included. This test was chosen from the collection of pegboard tasks because it is the only one designed and standardized for a 4-year-old population. The scores are provided as standard scores and percentiles, which were published in 1995. The reliability and validity for the proposed group are strong.
Academic Skills (Reading, Math)
The Woodcock-Johnson III is a standardized achievement test for children 2 years to adulthood. It has recently been normed and revised. 19 For the purpose of the present study, only the reading and math clusters were used. These subtests take approximately 10 minutes each and measure a preschooler's skills in these areas. The norming procedures of the Woodcock-Johnson III were excellent and reflected the most recent census data. The data on reliability ranged from 0.80 to 0.87 for individual tests. This is one of the few achievements tests that have been normed for preschoolers.
Attention and Hyperactivity/Impulsivity
The ADHD Rating Scale-IV, Preschool Version, is an 18-item questionnaire that requires parents to rate the frequency of occurrence of attention-deficit/hyperactivity disorder symptoms as defined in the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition.
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The respondent rates each item on a Likert scale of 0 (not at all) to 3 (very often). This scale was developed specifically for children 3 to 6 years of age. Normative data were collected from a stratified sample of 907 children. Mean scores are provided for inattention and hyperactivity/ impulsivity.
Social Competence
The Preschool and Kindergarten Behavior Scales (PKBS) were designed for evaluation of social skills and
